The species concept is a recurrent controversial issue that preoccupies philosophers as well as biologists of all disciplines. Prokaryotic species concept has its own history and results from a series of empirical improvements parallel to the development of the techniques of analysis. Among the microbial taxonomists, there is general agreement that the species concept currently in use is useful, pragmatic and universally applicable within the prokaryotic world. However, this empirically designed concept is not encompassed by any of the, at least, 22 concepts described for eukaryotes. The species could be described as`a monophyletic and genomically coherent cluster of individual organisms that show a high degree of overall similarity in many independent characteristics, and is diagnosable by a discriminative phenotypic property'. We suggest to refer it as a phylo-phenetic species concept. Here, we discuss the validity of the concept in use which we believe is more pragmatic in comparison with those concepts described for eukaryotes. ß
Introductioǹ
The true taxonomist is a man with a mission; he often leads a cloistered life, protected from the vexations and frustrations of the everyday world, and he may well wear blinkers as opaque as any worn by a horseT. Living a life of seclusion, safe in his small laboratory, and surrounded by his books, his microscope (and perhaps his computer tape), he a¡ects an unconcern for the mundane application of his work' [1] .
With these words, S.T. Cowan, one of the most avantgardist and successful taxonomists, described a not very optimistic view of his own collective. However, most of the taxonomists would agree that today's specialist is a much more dynamic scientist adapted to the rush of technical development, actively incorporating new methodologies, open for discussions, and aware that this ¢eld of science is slowly being taken more seriously. Microbiology itself is developing and diversifying enormously. One of the`missions' of the microbial taxonomists is to create a common language for all microbiologists.
It is surprising, particularly for non-microbiologists, that prokaryotes, most of which are invisible to the human eye, constitute an essential component of the Earth's biota. They catalyze unique and indispensable transformations in the biogeochemical cycles of the biosphere, produce important components of the Earth's atmosphere, and represent a large proportion of life's genetic diversity. In contrast to textbook knowledge, the estimated 4^6U10 30 prokaryotic cells existing on the Earth (Table  1 ) might even constitute s 50% of the protoplastic biomass (excluding most of the plant biomass that is made up of extracellular material such as cell walls and structural polymers [2] ). It is also interesting to note that the majority of the prokaryotes may be located in oceanic and terrestrial subsurface environments. Less attention than those of the Earth's surface has been paid to these habitats. Thus, research in microbiology might have dealt with a very small portion of the total Earth's prokaryotic community.
Several attempts to estimate the number of species living on Earth have been made, and it seems that the number of recorded species is directly related to the e¡ort and interest of the scientists [3] . However, in spite of the enormous quantitative contribution of prokaryotes to the biosphere, their diversity and importance has always been underestimated by non-microbiologists ( Table 2) . One of the reasons is that to date less than 5000 prokaryotic species have been described. This relative low number is caused by the problems encountered for the isolation of microorganisms in pure cultures and their characterization. Problems such as hitherto unculturability, lack of proper research funding and in some cases the underestimation of the isolation e¡orts are responsible for such numbers. However, the isolation of an organism in pure culture is to date an indispensable requisite for the recognition of prokaryotic species [4] . On the other hand, it is of general knowledge among microbiologists that there is a large potential of prokaryote diversity made up of hitherto uncultured microorganisms [5^8]. Molecular techniques, most notably those based on 16S rRNA, which are directed towards analyzing community composition of environmental samples indicate that the hitherto classi¢ed prokaryotic species account for a very small portion of the real prokaryote diversity [9] . Thus, if we only take into account the recognized prokaryotic species for diversity calculations, their total number would never be regarded as a signi¢cant proportion of the total Earth's biodiversity. This underestimation of the real prokaryote diversity has obvious negative e¡ects on the distribution of research funding [10, 11] .
The species concept for prokaryotes has been developed in parallel to the design of laboratory techniques that permitted the retrieval of useful information. The original species concepts based on morphological traits were demonstrated to be wrongly tailored. Improved concepts have developed through the use of new information units (e.g. chemotaxonomic markers, DNA properties, rRNA sequencesT). At the present, many, if not all, prokaryote taxonomists agree that the current species circumscription, although not perfect, is acceptable and pragmatic, and covers the primary goals of taxonomy such as a rapid and reliable identi¢cation of strains [12] . However, among non-taxonomists, the prokaryotic species concept is criticized. For some, the concept is too conservative, leading to an underestimation of the real prokaryote diversity [2, 13] . They consider the conservative nature of the concept to be a signi¢cant disadvantage in as much as it is not comparable to the concepts designed for higher eukaryotes [14, 15] . The current discussion about the adequacy of the Table 1 Number and biomass of prokaryotes in the world (data obtained from [2] 62 a Plant carbon is the sum of protoplastic biomass, structural polymers and cell wall material. species concept is not restricted to microbiologists, but is also being discussed among eukaryote taxonomists [16] . It is indeed tempting to introduce a more universal concept that covers all major groups of organisms making the species units comparable. In this respect, it should be helpful to analyze in more detail the prokaryote species concept, its history and potential future. This is the aim of this study.
The development of prokaryote taxonomy
Prokaryote classi¢cation is the youngest and most dynamic among the di¡erent classi¢cations of living organisms. Prokaryotes were not even known to exist until a few centuries ago, due to their small size and the fact that they cannot normally be seen with the naked eye. In addition, the development of a reliable classi¢cation based on morphological traits as these for higher eukaryotes has been di¤cult because of the relative simplicity of the prokaryotes 1 . The lack of a useful fossil record, together with the di¤culties in identifying diagnostic characteristics from these small organisms have contributed to the instability of the prokaryote classi¢cation system. The development of new techniques directed to the understanding of useful phenotypic and genomic traits of microorganisms was the rate-determining step towards a reliable taxonomic scheme for prokaryotes.
Most microscopists of the 17th and 18th centuries described meticulously the`infusion animalcules' which they observed, but no classi¢cation was attempted. Initially, prokaryotes were treated as only a single species which could develop a great variety of shapes (pleomorphism). The earliest attempts to create microbial classi¢cations were solely based on morphological observations. At the end of the 18th century, Otto Mu « ller was the ¢rst to attempt a systematic arrangement of microorganisms [18] . He created two form genera, Monas and Vibrio, which encompassed bacteria and di¡erentiated the punctiform and the elongated types. In the early 19th century, Christian Ehrenberg extended Mu « ller's nomenclature and added the helical bacteria. Some of these species designations are still in use (e.g. Spirochaeta plicatilis and Spirillum volutans). Subsequent workers devised simpler classi¢cations, although still based upon microscopic morphology. They assumed constancy of form at a time when theories of spontaneous generation and pleomorphism were still widely held. In the 1870s, Ferdinand Cohn still supported the idea that bacterial forms were constant irrespective of environmental conditions, but he already recognized the existence of a wide diversity of bacteria. He recognized the similarity between the cyanobacteria (schizophyceae,`¢ssion algae') and bacteria (schizomycetes,`¢ssion fungi') and combined them as schizophytae (`¢ssion plants') [19, 20] . He arranged bacteria into six form genera, but appreciated that physiologies, end products and pathogenesis of similar-shaped organisms might di¡er. Robert Koch in 1876 proved the truth of the germ theory of disease previously postulated by Louis Pasteur with his studies on Bacillus anthracis [19, 20] , and later concluded that the di¡erent morphologies of pathogenic bacteria must be regarded to belong to a single distinct and constant species [18] .
One of the most important steps in the development of microbiology was the ability to isolate organisms in pure cultures. In 1872, Cohn's co-worker Joseph Schroeter cultivated pure colonies of chromogenic bacteria, and in 1878 Joseph Lister obtained a pure culture of a milk-souring organism by dilution [18] . In 1881, Koch published the technique of cultivation on solidi¢ed gelatin media, which was subsequently replaced by agar, and this was the start of what he called`the golden age of the medical microbiology' [19] . By cultivating microorganisms in pure culture, researchers were able to retrieve direct information on the organisms. Many tests for distinguishing bacteria were developed, and these formed the basis for their classi¢cation [18] . They permitted the phenotypic description of these organisms.
The amount of bacteria that were described at the end of the 19th century and the ¢rst two decades of 20th century is impressing. K.B. Lehman and R. Neumann published in 1896 their`Atlas und Grundriss der Bakterien' in where several new genera were described (Corynebacterium, Mycobacterium, Actinomyces). And W. Migula in 1897 compiled in his`Das System der Bakterien' all bacteria that had been previously described [19] . Physiological characters took then a predominant role in bacterial classi¢cations. Researchers like S.N. Winogradsky and M.W. Beijerinck published a good number of new genera which names described the ecology, physiology and biochemistry of the organisms bearing them [19] . S. Orla-Jensen, in his publication`Die Hauptlinien des natu « rlichen Bakteriensystems' (`the mainlines of the natural bacterial system', Table 2 Estimates on the contribution of major groups of organisms to the total biological diversity [16] [21] . It is, however, in 1923 when thè Bergey's Manual of Determinative Bacteriology' was published, when a modern identi¢cation key for bacteria was ¢rst provided. At the time there was no common agreement on prokaryotic classi¢cation [22] , this manual and the subsequent editions became the reference works on bacterial classi¢cation [18] . These publications provided a framework for the uni¢cation of criteria among microbiologists and avoided nomenclatural problems that occurred relatively frequently in the early years of bacterial classi¢cation. At this time, the lack of scienti¢c exchange among microbiologists, together with a strong tendency towards special purpose classi¢cation (arti¢cial schemes in which one or a few properties of the organism are given undue prominence; [23] ) were responsible for a confusing nomenclature for quite a large number of distinct bacteria. A good example is Pseudomonas stutzeri, which during the ¢rst half of this century appeared in the literature under at least seven di¡erent names, often simultaneously [24] . As the number of di¡erent methods for characterizing bacteria increased, bacterial taxonomists su¡ered more and more from the lack of an objective overview of these approaches to classi¢cation. In the late 1950s, numerical taxonomy was developed in parallel to the onset of the computer age as a part of multivariate analyses. Its aim was to devise a consistent set of methods for classi¢cation of organisms. Much of the impetus for the development of numerical taxonomy in bacteriology came from the problem of handling the large tables of data on physiological, biochemical and other properties of numerous strains. There was thus a need for an objective method of taxonomic analyses, aimed at sorting individual strains of bacteria into homogeneous groups, conventionally species, and the arrangement of species into genera and higher groupings [25] . The period of numerical taxonomy coincided with the rise of chemotaxonomy and the application of modern biochemical analytical techniques, principally chromatographic and electrophoretic separation methods, to the study of distributions of speci¢c chemical constituents such as amino acids, proteins, sugars and lipids in bacteria [18] .
During the early 1960s, the increasing knowledge of the properties of DNA and the development of molecular biological techniques supported the idea that bacteria might best be classi¢ed by comparing their genomes. Initially, overall base compositions of DNAs (mol% G+C values) were used. Bacteria whose mol% G+C values di¡ered markedly were obviously not of the same species. However, single values obtained by the analysis of DNA base compositions allowed only very super¢cial comparisons, and a much more precise method was needed. Thus, DNA^DNA hybridization techniques were developed [26] . A great practical advantage of this method was that it often produced sharply de¢ned clusters of strains than those solely circumscribed by phenotypic traits [27] . Organisms tended to be either closely related or not. DNAD NA hybridization consequently became a standard technique for the circumscription of bacterial species. However, as these experiments were used increasingly in bacterial classi¢cation, some microbiologists became worried that the data might merely be sets of ¢gures with little practical value. If these data are obtained as an end in themselves, this certainly would be true [27] . Their practicality depends on subsequently determining phenotypic characters that can be used to describe a DNA similarity group, and also on determining which phenotypic characters can be used to identify new isolates easily, rapidly and reliably [28] . Indeed, the Committee on Reconciliation of Approaches to Bacterial Systematics [4] recommended that a bacterial species classi¢cation must provide diagnostic phenotypic properties.
In the late 1970s, a remarkable breakthrough in the attempts to determine relationships between distantly related bacteria was achieved by cataloging ribosomal ribonucleic acids (rRNA) [29] and DNA^RNA hybridization [30] , and in the mid 1980s by the full sequence analysis of rRNA. The rRNA sequences were shown to be a very useful molecular marker for phylogenetic analyses [31] . Among the three rRNA molecules, 16S rRNA has been the most widely studied. Thus most information is available for this molecule [32] . The era of the 16S rRNA sequencing brought new information such as for the de¢nitive recognition of Archaebacteria or Archaea as an independent cellular lineage [33] , and important rearrangements of the prokaryotic classi¢cation scheme [34] . rRNA sequencing has become routine in most of microbiology laboratories, and although not regarded to be essential for new classi¢cations, this information is provided in the description of most of the newly classi¢ed bacterial species. It is also becoming increasingly popular to propose new bacterial species using data generated from 16S rRNA sequencing studies (Table 3 ) [12] . Unfortunately, the resolving power of the 16S rRNA is insu¤cient to guarantee correct delineation of bacterial species [35, 36] . Furthermore, its validity as a marker for phylogenetic inferences is being questioned [37^39] . Nevertheless, at the present, the vast majority of bacterial taxonomists accept that 16S rRNA sequence analysis provides a stable and quite satisfactory framework for prokaryotic classi¢cation. However, it is also widely accepted that an adequate classi¢cation of prokaryotes, in particular of the lower taxonomic ranks such as species, will be achieved when a`polyphasic approach' is undertaken [40] , thus combining as many di¡erent techniques as possible. This would include a ¢ne-tuning of the circumscription that takes into account the di¡ering properties of the di¡erent bacterial groups [41] .
Methods and parameters used in prokaryotic species circumscription
Today, prokaryote taxonomists agree that a reliable classi¢cation can only be achieved by the exploration of the internal diversity of taxa by a wide range of techniques in what is generally known as the`polyphasic approach' [40] . This approach implies that two sources of information must be investigated as extensively as possible: genomic information and phenotype. Genomic information is gained from all data that can be retrieved from nucleic acids, either directly trough sequencing or indirectly through parameters like DNA^DNA similarity or G+C mol%. Phenotype refers to the way in which the genotype is expressed, the visible or otherwise measurable physical and biochemical characteristics of an organism, a result of the interaction of genotype and environment. There is a tendency among microbiologists to use the term genotypic as a synonym for genomic information. However, genotype is the genetic information, the genetic constitution of an organism, which acts together with environmental factors to determine phenotype. For example, the information harbored (genotype) in the nucleotide sequence (genomic information) coding of an enzyme (phenotype). Genotype can therefore not include any parameter that can be retrieved from the genome. Thus, when referring to large amounts of information in the genome, or derived from it, it is better to use the term genomic instead of genotypic [42] .
For taxonomic purposes, both sources of information, genomic and phenotype, need to be investigated and the lack of either can result in the rejection of the proposed classi¢cation. Such a combined description is essential for the delineation of new species in prokaryotes [4] . Today, the accepted species classi¢cation can only be achieved by the recognition of genomic distances and limits between the closest classi¢ed taxons (DNA^DNA similarity), and of those phenotypic traits that are exclusive and serve as diagnostic of the taxon (phenotypic property).
Prokaryote systematics has undergone spectacular changes in recent years by taking full advantage of developments in chemistry, molecular biology and computer science to improve the understanding of the relationships between microorganisms and the underlying genetic mechanisms on which they are based [23] . A relatively large set of techniques are being used routinely for prokaryote classi¢cation. However, it is of primary importance to understand at which level these methods carry information. The kind of information that each technique retrieves is directly related to its resolving power, and the correct use of this information is essential to guarantee the adequate classi¢cation of a taxon. An extensive review on the application of di¡erent techniques to prokaryote taxonomy and their resolving power has been published by Vandamme et al. [40] . In this chapter, we will give an overview of techniques that are commonly used for species circumscription.
Retrieving genomic information
The methods of genomic information retrieval are mostly directed toward DNA or RNA molecules. Undoubtedly, these methods presently dominate modern taxonomic studies not only as a consequence of technological progress, but because of the present view that classi¢cation should re£ect genotypic relationships as encoded in their DNA [40] . Unlike other cell constituents used for chemotaxonomy (see Section 3.1.1), only the amounts and not the composition of RNA and chromosomal DNA are a¡ected by growth conditions, and are thus independent of environmental changes. Furthermore, nucleic acids are universally distributed and these are excellent tools to be used as standards for wide-ranging comparisons.
The most complete genomic source of information is of course the entire bacterial genome. As large-scale sequencing of complete genomes is not feasible at present, several alternative approaches have been taken. They include estimating the mean overall base composition of DNA, comparing genomic similarities by DNA^DNA pairing studies, generating unique sets of DNA fragments by digestion with restriction endonucleases (low-frequency restriction fragment analysis (LFRFA), pulsed ¢eld gel elec-trophoresis (PFGE), RFLPT), sequence comparisons of selected genes, DNA^rRNA hybridization and sequencing of rRNA.
3.1.1. DNA base ratio (mol% G+C; G+C content;
G+C%) The primary structure of DNA results from the linear succession of the four nucleotide bases adenine (A), thymine (T), guanine (G) and cytosine (C), and this succession determines the genetic information of an organism's genome. Because of the double-stranded nature of DNA, where both strands are complementary with base pairing G-C and A-T, the ratios G/C and A/T usually remain constant at 1. However, the relative ratio [G+C]/[A+T] varies from genome to genome. The base ratio of a DNA molecule is generally described as the relative abundance of the pair G+C, and is commonly called G+C content. The DNA base ratio is calculated in percentage of G+C: [G+C]/[A+T+C+G]U100. This was the ¢rst nucleic acid technology applied to prokaryote systematics [43] , and initially proved to be a useful and routine way of distinguishing between phenotypically similar and genomically di¡erent strains [23] . It is usually one of the genomic characteristics recommended for the descriptions of species and genera.
Among the prokaryotes, G+C contents vary between 20 and 80 mol% [44] . The greater the di¡erence between two organisms, the less closely related they are. Theoretically, DNA molecules with di¡erences of greater than 20^30 mol% can have virtually no sequences in common [18] . Empirically, it has been shown that organisms that di¡er by more than 10 mol% do not belong to the same genus and that 5 mol% is the common range found within a species. While ¢rm guidelines have yet to be set for the range of variation, values higher than 15 mol% can be taken as a strong indication for heterogeneity within a genus [41] . However, it should be noted that although di¡erences in mol% are taxonomically useful for separating groups, similarities in base compositions do not necessarily indicate close relationships because the determinations do not take the linear sequences of bases in the DNA molecules into account (the criterion can only be used negatively).
3.1.2. DNA^DNA similarity (DNA^DNA pairing ; DNA^DNA homology; DNA^DNA relatedness) The determination of whole genome DNA^DNA similarity is today still the standard technique for species delineation. The rationale for using this parameter to set the borders of the species circumscription originates from the results of numerous studies, in which a high degree of correlation was found between genomic DNA similarity and phenotypic similarity (i.e. chemotaxonomic, serologicalT [12] ).
A characteristic property of DNA and RNA is its ability for reassociation or hybridization. The complementary strands of DNA, once denatured, can, under appropriate experimental conditions, reassociate to reform native duplex structures. The speci¢c pairings are between the base pairs A-T and G-C, and the overall pairing of the nucleic acid fragments is dependent upon similar linear arrangements of these bases along the DNA. Under standardized conditions, DNAs from di¡erent organisms reassociate depending on the similarity of their nucleotide sequences, thereby allowing quanti¢cation of the degree of relatedness, usually expressed as % similarity or homology. It is important to note that the term homology has been replaced by the term similarity due to the inaccuracy of its use [12] . There is no linear correlation between actual sequence identities and hybridization values; the latter gives only relative similarity values between genomes. There are several methodologies to measure DNA^DNA relatedness, but all of them rely on the same principle (Fig. 1) . DNAs of two di¡erent organisms are mixed and denatured to give a solution of a mixture of single-stranded DNA molecules. Under controlled experimental conditions, DNA reassociation occurs and results in hybrid molecules: the higher the genetic similarity of the two organisms, the more nucleotide base sequences they have in common, and the more hybrid formation (hybridization) will occur. The comparison between the results obtained with the mixture of DNAs and pure reference DNA (homoduplex DNA) yields a degree of similarity.
There are two main parameters that are used to measure the degree of relatedness: the relative binding ratio (RBR) and the di¡erence in thermal denaturation midpoint (vT m ). Although both parameters result from the determi- Fig. 1 . DNA^DNA reassociation assay. nation of di¡erent features, they are correlated and can be independently used for the species circumscription [45] . In a mixture of two di¡erent DNAs, after the hybridization procedure, the amount of double-stranded units is dependent on the degree of identity between both DNAs. In this case, double-stranded DNA occurs to a lesser extent than in the homoduplex mixture. RBR re£ects the relative amount of heterologous in comparison to the homoduplex DNA, which is considered to represent 100% reassociation.
vT m is a re£ection of the thermal stability of the DNA duplexes. Double-stranded DNA denaturation is mainly dependent on three factors: the G+C mol%, the ionic strength of the solution in which the DNA is dissolved, and the temperature. G+C mol% is a constant parameter characteristic of each DNA, and the ionic strength of the hybridization solution is normally kept constant. Thus, the single variable parameter is the temperature. In a denaturation kinetic curve of a double-stranded DNA, the temperature at which 50% of the DNA strands are already denatured is called the melting temperature or the thermal denaturation midpoint (T m ). The heteroduplex DNAs account for a lower number of paired bases than those from the homoduplex, i.e. less hydrogen bonds are formed. Thus, the duplexes are less stable and in denaturation kinetics the T m is reached at a lower temperature (Fig.  2) . In this case, the parameter used for measuring the DNA^DNA relatedness, vT m , is the di¡erence between the homoduplex DNA T m and the heteroduplex DNA T m .
There is no direct transformation of RBR into vT m or viceversa. However, results of both analyses are well correlated (Fig. 3) . The advantage of vT m over RBR is that the former parameter is independent of the method used for hybridization and the data do not have to be transformed. In contrast, RBR results are subjected to di¡er-ences that are related to the hybridization technique used, and this has to be taken into account when comparing results obtained with di¡erent hybridization protocols [46] .
Based on numerous studies with well de¢ned prokaryotic species, it is currently recommended that values of 70% or higher RBR, and 5³C or lower of vT m , are reasonable borders for the species circumscription [4] . However, it is important to realize that DNA similarity values do not re£ect the actual degree of sequence similarity at the level of the primary structure. Indeed, it has been estimated that prokaryotic DNA heteroduplexes will not be formed, even under non-stringent conditions, unless the DNA strands show at least 80% sequence complementarity. Thus, depending on the sequence similarity of the reassociating single strands, a di¡erence of about 20% of sequence identity is spread between 0% and 100% DNAD NA similarity [23] . Additionally, DNA^DNA similarity studies are time-consuming and they are hampered by the fact that they rely on pair-wise comparisons, which means that experiments are normally carried out with a relatively small set of organisms [47] . Therefore, unless the reference strains chosen are representative of the constituent species, incorrect conclusions can easily be drawn [48] .
Despite these problems, the advantages of DNA^DNA similarity analyses outweigh their limitations, and it is an attractive measure as it can be applied to all cultivable prokaryotes irrespective of their growth requirements. These analyses provide a uni¢ed measure for the delineation of bacterial species, and among other properties, can also be used to detect and identify unknown isolates [41] .
rRNA analysis
Over the last 25 years, techniques involving the analysis of rRNA or of the genes coding rRNA (rDNA) have revolutionized prokaryotic taxonomy. The conclusions drawn from these studies are based on the assumption that the rRNA genes are highly conserved because of the fundamental role of the ribosome in protein synthesis. rRNAs are molecules with universal, constant and highly constrained functions that were established at an early stage in evolution and that are not a¡ected by changes in the organism's environment. Therefore, and because they are large molecules containing considerable genetic information, they have been chosen as the molecular basis for phylogenetic reconstructions at least in the prokaryotic world [21] . Two additional assumptions are basic for the validity of this approach, namely that lateral gene transfer has not occurred between rRNA genes, and that the amount of evolution or dissimilarity between rRNA sequences of a given pair of organisms is representative of the variation shown by the corresponding genomes [41] . If this holds true, the variations in the rRNA primary structures among the prokaryotes will re£ect evolutionary distances among organisms. The three rRNAs are classi¢ed by their sedimentation rates during ultracentrifugation as 23S, 16S and 5S. They have chain lengths of about 3300, 1650 and 120 nucleotides, respectively. Until recently, direct and complete sequencing of the larger rRNA molecules was not feasible as a routine approach. Instead, sequence data were analyzed indirectly by DNA^rRNA hybridization or partial sequences were obtained by oligonucleotide cataloging [29, 30] . Initially, for prokaryotes, complete sequencing of 5S rRNAs was used for phylogenetic inferences. However, this technique waned in favor of 16S rRNA sequencing for various reasons, including the greater information content of the larger molecule. Nowadays, almost complete sequencing of the latter is routine. The 23S rRNA molecule is a larger information unit than the 16S, and in many cases has higher resolving power for phylogenetic reconstructions [49, 50] . However, due to its length, its sequencing has not been as popular as 16S and the number of 23S rRNA sequences in the databases is much smaller.
Meanwhile, the 16S rRNA approach is one of the most widely used standard techniques in microbial taxonomy. Consequently, a comprehensive sequence dataset (around 18 000 entries in 1999) is available in widely accessible databases. The phylogenetic reconstruction with these data provides a basis for an ongoing evaluation and restructuring of the current bacterial systematics accompanied by emendation, reclassi¢cation and hence renaming of bacterial taxa. It is also widely accepted to apply the rRNA technology as an integrated part of a`polyphasic approach' for new descriptions of bacterial species or higher taxa [49, 51] . The congruence of 16S rRNA-based reconstructions of phylogenetic trees with those based on alternative molecules, such as 23S rRNA, ATPase subunits, elongation factors and RNA polymerases, has been tested and resulted in very similar tree topologies [49, 50] .
An important feature of the 16S rRNA molecule in its use as a universal standard parameter for phylogenetic inferences is the relative ease of sequence alignment [52] . Alignment is the ¢rst critical step of sequence-based phylogenetic analyses. Given that positions with a common ancestry have to be compared for reliable phylogenetic conclusions, homologous positions have to be arranged in common columns in correct alignment [49] . All rRNA molecules share a common secondary and higher-order structure. Many of these structural elements are identical or similar with respect to their position within the molecule as well as number and position of paired bases, or internal and terminal loops, while the primary structures di¡er [49] . The conservation of helical elements is maintained independently of primary structure conservation by compensating base changes at positions involved in base pairing. Therefore, checking a primary structure for its potential for higher-structure formation usually helps to improve the primary structure alignment. However, there are always variable regions which cannot be unambiguously aligned and it is the subjective decision of the researcher how to arrange the data [49] . In the case of rRNAs, an additional fact facilitates the arrangement of data. There are comprehensive databases of aligned sequences accessible to the public. These alignments have been established and are maintained by specialists. The databases contain secondary structure information, and can be used as a guide to inserting new sequence data [49] .
What is the best method for inferring phylogenetic rela- tionships from sequence data? Computer simulations and experiments have revealed that all methods fail when the assumptions upon which they are based are badly violated [52] . Answers to such questions, pitfalls of the methods, and recommendations for novel researchers have been addressed [49^51]. There are three major approaches for tree reconstruction : distance matrix, maximum parsimony and maximum likelihood methods. These approaches are based on models of evolution 2 and, in general, operate by selecting trees which maximize the congruency of tree topology and the measured data under the criteria of the model [49] . Given that the treeing methods are based on di¡erent models and treat the data in di¡erent ways, a perfect match of the tree topologies cannot be expected. It has to be taken into consideration that the models only partially re£ect reality. Thus for a ¢nal reconstruction of a tree, the use of di¡erent methods together with calculations based on several data subsets is strongly recommended. In many cases, the separation of clusters or subtrees is stable whereas their relative branching orders di¡er with the applicable alternative treeing methods. In such cases, a fairly acceptable compromise is to use a consensus tree which shows detailed branching patterns where stable topologies emerged, and multifurcations where inconsistencies or uncertainties could not be resolved [49] .
16S rRNA sequencing and comparison analyses have demonstrated high resolving power for measuring the degree of relatedness between organisms above the species level. However, as more sequence information becomes available, it is evident that the resolving power of 16S rRNA sequences is limited when closely related organisms are being inspected (Fig. 4) [12, 53] . Thus, as discussed in a later chapter, there can be no bacterial species de¢nition based solely on sequence similarity of rRNAs or their genes. Absolute values for delineating species cannot be set because of the low resolving power of 16S rRNA at this level [41] . However, the rRNA sequencing approach has additional advantages e.g. for the exploration of uncultured prokaryote species diversity [52] , and design of rRNA-targeted probes for a cultivation-independent monitoring of microbial communities [54] .
DNA-based typing methods (DNA ¢ngerprinting)
DNA-based typing methods generally allow the detection of intraspeci¢c diversity, e.g. the subdivision within species into a number of distinct types. They are an additional support to the phenotypic analyses trying to reveal diversity of close relative organisms [40] . One can di¡er-entiate between two basic techniques: (i) the ¢rst-generation typing methods, based on whole genome restriction fragment analysis, (ii) and the polymerase chain reaction (PCR) methods, based on the ampli¢cation of genome fragments. All these techniques rely on the electrophoretic separation and subsequent visualization of DNA fragments.
With ¢rst-generation DNA-based methods, fragments of the whole genome are generated by using restriction enzymes. Common restriction enzymes recognize speci¢c combinations of 4^6 bases. Due to the size of the bacterial genome (between 0.6 and 9.5 megabases; [55] ), the digestion with common enzymes results in a complex mixture of DNA fragments of di¡erent sizes that, in most cases, is di¤cult to analyze. However, the number of DNA fragments can be reduced by selecting restriction enzymes which only rarely cut DNA, recognizing a speci¢c combi- nation of 6^8 bases. The technique is referred to as LFRFA. The fragments, however, are too large to be separated by conventional agarose gel electrophoresis, and therefore PFGE has to be used [40, 56, 57] . The result is an electrophoretic pattern for each strain. The comparison of patterns by numerical analysis leads to the establishment of similarity groups within the species. This technique, combined with Southern blot hybridization, yields data on the genome size and organization, that in the future could be of relevance for a comprehensive description of any organism [58] . The number and distribution of rRNA operons within the genome may be a simple, but taxonomically useful feature of the genome that can be revealed by this technique [59] .
Alternatively, the complex DNA patterns generated by regular restriction digestion with common enzymes can be transferred to a membrane and then hybridized with a labeled probe, which reveals the hybridized fragments. A typical example of one of these developments is the ribotyping method, which uses rRNA as a probe [60] .
The introduction of the PCR methodology into the microbiology laboratory has opened a vast array of applications [40] . Among others, a battery of di¡erent typing methods was developed. Di¡erent methods in which short arbitrary sequences were used as primers in the PCR assay were described : oligonucleotides of about 20 bases are used in arbitrary primed PCR ( [61] ); oligonucleotides of about 10 bases are used in randomly ampli¢ed polymorphic DNA analysis (RAPD ; [62] ). These are only few of the many examples of the application of PCR to the typing of bacteria. However, they are only applicable to the understanding of intraspeci¢c diversity. These techniques are not suitable for the circumscription of prokaryotic species as well as for higher taxonomic units, and therefore their use in prokaryotic taxonomy is rather limited.
Phenotypic methods
The phenotype is the observable expression of the genotype. Before molecular techniques were available to prokaryote taxonomists, the classi¢cation was exclusively based on morphology, physiology and growth conditions of the organisms. These investigations were directly linked to the use of pure cultures, and the laboratory capabilities to cultivate the organisms and analyze their properties. Thus, the classi¢cation schemes were biased towards aerobic heterotrophic microorganisms for which an extensive retrieval of information was easy. One of the disadvantages of analyzing the phenotype is that the whole information potential of a prokaryotic genome is never expressed. Gene expression is directly related to the environmental conditions (e.g. growth conditions in the laboratory). Prokaryotic phenotype cannot be based on the simple observation of the organism. The prokaryotes lack complex morphological features. Most do not show life cycles with di¡erent morphological stages, and lack an ontogenetic development. Thus, the analysis of the prokaryotic phenotype mostly relies on the development of experimental techniques that test directly or indirectly different phenotypic properties, e.g. enzyme activities, substrate utilization pro¢les and growth conditions. Phenotypic data, in contrast to gene sequences, can mostly be compared phenetically, that means through the comparison of a large set of independent covarying characters (see [42, 63] ). These comparisons produce results that re£ect the degree of similarity of the units under analysis. It is di¤cult to perform cladistic analyses (those that produce phylogenetic reconstructions, see above) based on phenotypic data. This is because one of the basic problems is that unless we know the genes that are responsible for the phenotypic traits that we observe, we cannot distinguish between autapomorphic characters (homologous characters thought to have originated in the most recent common ancestor of the taxon, and exclusive for it) and synapomorphic characters (homologous characters common to two or more taxa and believed to have originated in their most recent common ancestor). Prokaryote taxonomy has traditionally disregarded this problem. However, due to the development of molecular techniques, and the establishment of a reliable phylogenetic scheme, taxonomists are beginning to consider the autapomorphic or synapomorphic nature of the investigated phenotypic traits. Soon, complete genome sequencing will shed light on the homology of phenotypic traits.
Several problems must be considered when planning a phenotypic study of bacteria. Two of them, concerning analyses based upon di¡erent character sets might show poor agreement (congruence), and that, as mentioned above, the phenotype represents a very small part of each organism's genome [18] . These problems are addressed by basing the classi¢cation on a large number of characters from a wide phenotypic range. Other problems are concerned with analysis of data. Many methods exist for the calculation of similarities and for the arrangement of strains according to these similarities, and the application of di¡erent combinations of methods to a set of data can lead to a wide variety of interpretations. Fortunately, bacteriologists tend to restrict themselves to relatively few methods (i.e. those available in the computer programs) [18] .
Phenotypic analysis is the most tedious task in the classi¢cation of microorganisms. It requires much time and skill, and the techniques should be standardized to avoid subjective observations. An important aspect when analyzing the phenotype of a prokaryotic species is that the strains should be chosen (when this is possible) to represent the known diversity and environmental niches of the group being studied. For this purpose, it is most important to use both, recent isolates and culture collection strains (type and reference strains). However, in classifying prokaryotes, it is desirable to use an orderly approach based on common sense, and to use tests that are pertinent [64] .
Classical phenotypic analyses
The classical or traditional phenotypic tests are used in identi¢cation schemes in the majority of microbiology laboratories. They constitute the basis for the formal description of taxa, from species and subspecies up to genus and family. While genomic data alone are su¤cient to allocate taxa in a phylogenetic tree and very helpful in drawing the major borderlines in classi¢cation systems, the consistency of phenotypic and genomic characters is required to generate useful classi¢cation systems [40] . The classical phenotypic characteristics of bacteria comprise morphological, physiological and biochemical features. Individually, many of these characteristics have been shown to be insu¤cient as parameters for genetic relatedness, yet as a whole, they provide descriptive information enabling us to recognize taxa. The morphology of a bacterium includes both cellular (shape, endospore, £agella, inclusion bodies, Gram stainingT) and colonial characters (color, dimensions, formT). The physiological and biochemical features include data on growth at di¡erent temperatures, pH values, salt concentrations, or atmospheric conditions (e.g. aerobic/anaerobic), growth in the presence of various substances such as antimicrobial agents, and data on the presence or activity of various enzymes, metabolization of compounds, etc. Reproducibility of results within and between laboratories is a major problem which can be addressed with highly standardized procedures [40] .
Numerical taxonomy applied to phenotypic analyses
(phenetic evaluation) Numerical taxonomy is also known as computer-assisted classi¢cation [23] . Sneath and Sokal [63] de¢ne numerical taxonomy as`the grouping by numerical methods of taxonomic units into taxa on the basis of their character states'. The methods involved require the conversion of information on taxonomic entities into numerical quantities. Numerical taxonomy is often incorrectly used as a synonym for phenetic analyses of phenotypic data, and such use should be avoided. Phenetic principles, based on the concept of Adansonian taxonomy, state that maximum information content should be achieved : i.e. all possible characters should be studied for the strains, they should be equally weighted, and taxa should be de¢ned on the basis of overall similarity according to the results of the analyses.
A phenetic evaluation of phenotypic data involves ¢ve essential steps [65] is mainly dependent on the dataset used. Results can be presented in sorted similarity matrices, as well as dendrograms. These branched diagrams are partially informative because they are generated with the highest similarity values linking a pair of organisms, but give an easy visual overview. One problem with dendrograms is that inexperienced researchers are not aware that they do not necessarily re£ect phylogenetic relationships between strains (i.e. relationships based on ancestry of the organisms), and sometimes can lead to misinterpretations.
Numerical taxonomy has supported the development of stable prokaryotic classi¢cations, especially the determination of homogeneous groups that can be equated with species. Furthermore, the databases generated are essentially information storage and identi¢cation systems.
Chemotaxonomy
Phenotypic methods comprise all methods that are not directed toward DNA or RNA, and thus also include chemotaxonomic techniques. The term`chemotaxonomy' refers to the application of analytical methods for collecting information on various chemical constituents of the cell in order to classify bacteria. The introduction of chemotaxonomy is generally considered one of the essential milestones in the development of modern bacterial classi¢cation, it is often treated as a separate unit in taxonomic reviews [40] . However, as the parameters measured are a direct re£ection of the expression of the genetic information of an organism, they should be regarded as phenotype. As for other phenotypic and genomic information retrieval techniques, some of the chemotaxonomic methods have been widely applied on vast numbers of bacteria whereas others were so speci¢c that their application was restricted to particular taxa [40] .
Chemotaxonomy is concerned with the discontinuous distribution of speci¢c chemicals, notably amino acids, lipids, proteins and sugars, and in this sense can be considered to provide good characters for classi¢cation and identi¢cation [23] . It is, however, important that the observed variation in chemical composition is the result of genetic di¡erences and not due to variation in cultivation conditions. Therefore, it is usually necessary to grow cultures under carefully standardized growth regimes before comparative chemotaxonomic work can be undertaken. Rigorously standardized cultivation conditions are particularly important in studies involving quantitative analyses of chemical data [23] . Several techniques are increasingly being used routinely in prokaryotic taxonomy, e.g.:
Cell wall composition. This character is generally used for the classi¢cation of Gram positive organisms. The peptidoglycan type and teichoic acids are analyzed [66, 67] . Lipids. The composition and relative ratio of fatty acids (hydroxylated, non-hydroxylated, branchedT), polar lipids, lipopolysaccharides, isoprenoid quinones (ubiquinones, menaquinonesT), are generally analyzed by chromatography and are used successfully for discriminating among taxa of various ranks [67, 68] . Polyamines. These are polycationic compounds with an important but unclear role in the prokaryotic cell. Their composition and relative ratio can be discriminative for taxa above the rank of genus [69] .
Phenotype typing methods
As described in Section 3.1.4 (DNA typing methods), these are techniques that are useful for establishing relationships within a prokaryote species, but generally lack resolution above this taxon level [70^72] . There are several methods that have been successfully used for discriminating strains as well as for the understanding of intraspeci¢c variability : (i) serotyping, based on the presence of variability in the antigenic constituents of the cells (capsules, cell envelopes, £agella, ¢mbriaT [70, 73] ), (ii) electrophoretic protein pro¢les, based on the extraction of proteins and separation on polyacrylamide gels (whole cell protein pro¢les, Gram negative outer membrane protein pro¢les and multilocus enzyme electrophoresisT [70, 71, 74, 75] ), (iii) lipopolysaccharide electrophoretic pro¢les, where variations on the O-side chains are re£ected in di¡erent ladder-like electrophoretic patterns [70, 76, 77] , (iv) pyrolysis mass spectrometry, Fourier transform infrared spectroscopy and UV resonance Raman spectroscopy [78] . These are sophisticated analytical techniques which examine the total chemical composition of bacterial cells. Due to the complexity of the analytical apparatus, these techniques have so far only been used on particular groups of bacteria [23] .
Identi¢cation keys and diagnostic tables
One of the goals of phenotypic characterization is the construction of a framework for an accurate identi¢cation of organisms. This framework can consist of dichotomous identi¢cation keys where the identity of an isolate is tested in an orderly, step-like series of questions. However, diagnostic tables are more common in microbiology. Diagnostic tables contain more information than the dichotomous keys and are much more useful as a determinative aid [79] . These tables are based upon the sharing of several (usually unweighted) characters, which are characteristic and identify the taxon (the species'`phenotypic property'; [4] ). In diagnostic tables, variable characters within the studied taxon are also recorded, and this is a good index for intraspeci¢c diversity. The success in the identi¢cation of new isolate to already established species is dependent on how accurate the description of the species is, and the accuracy is dependent on the size of the dataset analyzed. It is postulated that for a rather accurate description of a species, a minimum of 10 but better 25 strains should be studied [80] . However, in the majority of cases, new species and genera are described on the basis of only a few strains or even only one. Poor descriptions based on a small set of strains can lead to improper phenotypic circumscription of taxa, thus hindering the identi¢cation of new isolates.
Microbial identi¢cation systems
A signi¢cant contribution of industry specially to the clinical microbiology was the development of miniaturized identi¢cation systems based on classical methods. Several systems are commercially available (e.g. API, Analytab Products, Plainview, NY, USA; Biolog, Biolog, Inc., Hayward, CA, USA; Vitek, Vitek Systems, Inc. Hazelwood, MO, USA), mostly based on modi¢cations of classical methods [81] . First-generation systems were addressed towards the identi¢cation of members of the family Enterobacteriaceae, and consisted of miniaturized tubes containing individual substrates, multicompartment tubes or plates with multiple substrates, and paper strips or disks impregnated with dehydrated substrates. These methods were improved by the incorporation of highly sophisticated, computer-generated identi¢cation databases tailored for each system [81] . The major problem of such methods is that the identi¢cation results are dependent on the quality of the database. The computer will always give an identi¢cation result, then the researcher should interpret it. Incomplete or sparse databases will tend to give wrong identi¢cation results. In this regard, most of the computerized identi¢cation systems are mainly addressed to the identi¢cation of organisms with high medical importance. All of them consist of a relative short number of key tests useful to identify a particular group of microorganisms. Therefore, these systems have been less successful in the identi¢cation of environmental isolates due to a lack of knowledge of the phenotypic diversity of microorganisms in natural environments. Thus, they should be applied very cautiously to samples that are not of clinical origin [82] . Miniaturized systems are commonly used for phenotype exploration in classi¢cation attempts. However, some taxonomists regret their use in classi¢cation because of the reduced set of tests [83] . Noncommercial, miniaturized systems with large numbers of physiological tests (over 200 di¡erent tests) have been developed for classi¢cation purposes [84] . These systems have been used successfully for the examination of the physiological diversity of environmental isolates [71, 84] .
Species concepts for eukaryotes
To judge the signi¢cance and usefulness of the species concept adopted for prokaryotes, it is necessary to analyze the current state of the concept for eukaryotes. Eukaryote classi¢cation, in particular of plants and animals, has a much longer history than that of prokaryotes, and thus has been discussed and debated more broadly. Indeed, all hierarchic taxonomic ranks in the prokaryotic classi¢ca-tion scheme have been adopted as an analogy of those designed for eukaryotes. As discussed later, taxonomic ranks above species (genus and higher classes) can be considered abstract entities [85] , thus easily comparable among any taxonomic classi¢cations. However, species are regarded as practical entities for whom the requirements for their circumscription depend on the concept adopted [85] . A direct comparison among the di¡erent species units designed for any living entity is only possible if a universally applicable concept is adopted. We will show that this is not the case for prokaryotes and eukaryotes, nor is it the case among the di¡erent eukaryotes. Some microbiologists criticize how the species unit in current use has been circumscribed for prokaryotes [2,13^15] qualifying it as too conservative, and some of them support this view by referring to the debate about primate taxonomy [14, 15] . Unfortunately, these authors are not aware of the controversy occurring among the eukaryote taxonomists, where the unit that successfully circumscribes the di¡erent primate species might be the least universally applicable circumscription.
Some of the terms and early concepts in taxonomy come from the Aristotelian system of logic, where de¢ni-tion, genus, di¡erentia and species were terms that inspired the naturalists of the 17th and 18th centuries to attempt to classify living organisms. However, modern classi¢cation really ¢rst began with the work of Linnaeus in the 18th century. He was the founder of the modern binomial system of nomenclature. Linnaeus' notion of species was characterized by three di¡erent attributes: (a) distinct and monotypic, (b) immutable and created as such, and (c) breeding true [16] . He already implied that a species should be de¢ned in terms of sexuality. During the 18th and 19th centuries, naturalists and museums started to collect large amounts of specimens from all over the world to be classi¢ed. Thus, the tradition was reinforced that species, and indeed higher taxa, must be based on morphological characters recognizable in preserved specimens, although little was known about their habits and habitats. This is the earliest species concept, a morphological species concept or morphospecies, which is not a true concept but the description of a technique which can be stated as`a community, or a number of related communities, whose distinctive morphological characters are, in the opinion of a competent systematist, su¤-ciently de¢nite to entitle it, or them, to a speci¢c name' [16] . However, during these two centuries, two distinct tendencies were followed : the naturalists emphasizing breeding criteria and systematists emphasizing morphological di¡erences.
With the beginning of the 20th century, and particularly with the publication of Ernst Mayr`Systematics and the Origin of Species' [86] , the biological species concept (BSC) was established unifying genetics, systematics and evolutionary biology [16] . This is both the most widely known and most controversial species concept to date. Most of the non-taxonomists recur to a`true breeding concept' when trying to de¢ne a species. The BSC, which considered`species as groups of actually or potentially interbreeding natural populations which are reproductively isolated from other such groups' [86] , has been re¢ned over the past 50 years, and has been successfully applied to many of the animal lineages for which the concept was originally conceived. However, over time, taxonomists of all di¡er-ent disciplines have shown this concept to be unsuccessful in accommodating the smallest recognizable units that they created. We are currently experiencing a period of controversy among taxonomists and philosophers about the most adequate species concept.
At the present, at least 22 di¡erent concepts have been developed to accommodate species [87] . They can be grouped in at least three categories with di¡erent theoretical commitment [88] . Philosophers are currently disagreeing about which is the most universally applicable concept. Some of them would prefer a pragmatic concept, a small amount of theory like the phenetic species concept (PhSC a similarity concept based on statistically covarying characteristics which are not necessarily universal among the members of the taxa', [88, 89] ). Others regard the highly theoretical evolutionary species concept (ESC,`an entity composed of organisms which maintains its identity from other such entities through time and over space, and which has its own independent evolutionary fate and historical ten-dencies') as the primary concept to be universally applied [87] . Not only philosophers, but taxonomists of several disciplines are also ¢ghting to ¢nd an appropriate circumscription of their unit. The BSC has been shown to be successful for animals, particularly insects [90, 91] , most of the invertebrates [92, 93] and vertebrates [94, 95] . It is, however, di¤cult to apply the BSC to animals who reproduce parthenogenetically [96, 97] . On the other hand, for non-animal taxonomy, the situation is quite di¡erent. In most cases, species are described by morphological discontinuities simply because the BSC is too di¤cult to apply. Such is the situation with algae [98] , lichens [99] , fungi [100] and plants [101] . Thus, although it is the best known species concept among non-taxonomists, there is a common agreement that the BSC should be abandoned towards an ESC or at least a phylogenetic species concept (PSC,`the smallest diagnosable monophyletic unit with a parenteral pattern of ancestry and descent'). These last two concepts regard species as monophyletic group products of natural selection and descent [87] , and seem to be generally applicable among the di¡erent eukaryotic lineages [102, 103] .
The prokaryotic species concept
As outlined in Section 1, the ¢eld of prokaryote taxonomy experienced most of its growth during the 20th century. The classi¢cation system as well as the Linnean nomenclature were adopted as an analogy to established systems for eukaryotes, in particular the botanical code [104] . The adopted system has been satisfactory for all levels of bacterial classi¢cation but the species. Supraspeci¢c classes, being regarded as abstract entities [85] , can be compared to the classi¢cation systems established for eukaryotes. However, the concept of a prokaryote species is di¡erent because no universal concept exists [87, 88] , and species are (regarded as individuals [105] ) practical entities [85] for whom circumscriptions may vary depending on the species concept adopted (biological, phenetic, evolutionaryT; [87] ). Unfortunately, through the history of prokaryote taxonomy, much more attention has been paid to the nomenclature of taxa (e.g. [1,104,106^111]) than to the practical circumscription of the species concept applied to prokaryotes.
Today's prokaryotic species concept results from empirical improvements of what has been thought to be a unit. The circumscription of the species has been optimized through the development of microbiological methods that reveal both genomic and phenotypic properties of prokaryotes, which cannot be retrieved through simple observation. Recently, the current de¢nition of the prokaryotic species has been heavily criticized by some nontaxonomists as too conservative and ill-de¢ned [2, 13, 15] . On the other hand, many other microbiologists ¢nd the present concept acceptable [112] . We will argue in the following that based on the current state of available techniques and information on microorganisms, the current concept has shortcomings, but is the most practicable one for the moment. It also ful¢lls several important requirements for a concept, e.g. the resulting classi¢cation scheme is stable, operational and predictive.
The concept
Early de¢nitions of bacterial species were often based on monothetic groups 3 described by subjectively selected sets of phenotypic properties [41] . This concept had severe limitations as, for example, strains which varied in key characters could not be identi¢ed as a member of an already classi¢ed taxon. Additionally, these original classi¢cations were produced simultaneously by di¡erent microbiologists that applied di¡erent criteria to the classi¢cation of the same group of organisms. The number of species in a genus was in£uenced by the aims of the taxonomist, the extent to which the taxon had been studied, the criteria adopted to de¢ne the species and the ease by which the strains could be brought into pure culture. Some classi¢-cations were de¢ned unevenly, for example when members of environmentally and medically important genera had been underclassi¢ed and those in industrially signi¢cant taxa overclassi¢ed [41] . Moreover, this practice often lead to nomenclatural confusions, where a single species could be simultaneously classi¢ed under several di¡erent names [24] .
Until the discovery of DNA as an information-containing molecule, prokaryote classi¢cation was based solely on phenotypic characteristics. The development of numerical taxonomy [63] , in which the individuals are treated as operational taxonomic units that are polythetic (they can be de¢ned only in terms of statistically covarying characteristics), resulted in a more objective circumscription of prokaryotic units. The discovery of genetic information gave a new dimension to the species concept for microorganisms. Parameters like G+C content and overall DNA^DNA similarity have additionally been used for a more objective circumscription and as discussed below, these parameters enable at least a ¢rst rough insight into phylogenetic relationships. Thus, the species concept for prokaryotes evolved into a mostly phenetic or polythetic. This means that species are de¢ned by a combination of independent, covarying characters, each of which may occur also outside the given class thus not being exclusive of the class [85] .
There is no o¤cial de¢nition of a species in microbiology. However, from a microbiologist's point of view`a microbial species is a concept represented by a group of strains, that contains freshly isolated strains, stock strains maintained in vitro for varying periods of time, and their variants (strains not identical with their parents in all characteristics), which have in common a set or pattern of correlating stable properties that separates the group from other groups of strains' [113] . This de¢nition only applies to prokaryotes which have been isolated in pure culture (essential for the classi¢cation of new prokaryotic species), and excludes uncultured organisms which constitute the largest proportion of living prokaryotes. However, a prokaryote species is generally considered to be`a group of strains that show a high degree of overall similarity and di¡er considerably from related strain groups with respect to many independent characteristics', or`a collection of strains showing a high degree of overall similarity, compared to other, related groups of strains' [114] .
There are, in the literature, at least three di¡erent species de¢nitions that, to date, tend to disappear due to the uni¢cation of criteria : (i) taxospecies, de¢ned as a group of organisms (strains, isolates) with mutually high phenotypic similarity that form an independent phenotypic cluster, (ii) genomic species as a group showing high DNAD NA hybridization values, and (iii) nomenspecies as a group that bears a binomial name [114] . The simultaneous occurrence of these three conceptual units has been de¢n-itively avoided by the agreement that a species classi¢ca-tion can only be achieved by the integration of both phenotypic and genomic parameters. Indeed, the Committee on Reconciliation of Approaches to Bacterial Systematics [4] recommended`that a distinct genospecies that cannot be di¡erentiated from another genospecies on the basis of any known phenotypic property not be named until it can be di¡erentiated by some phenotypic property'.
It is now accepted among microbial taxonomists that a prokaryotic species should be classi¢ed after the analysis and comparison of as many parameters as possible, combining phenotypic and genomic markers in what is known to be`polyphasic taxonomy' [40] . The evaluation of several distinct independent phenotypic and genomic characters has promoted a more uni¢ed approach to the objective delineation of a bacterial species concept. This delineation responds to a relative relaxed and pragmatic concept that can universally accommodate prokaryotic species. However, the extent to which a species is delimited has to be empirically set and takes into account the di¡er-ing behavioral properties of the members of a taxa [41] .
The limits
Unfortunately, there are no absolute boundaries for the circumscription of prokaryotic species, and this is a problem for non-taxonomists attempting to identify new isolates belonging to hitherto unclassi¢ed species. As said above, a species can only be classi¢ed through the analysis of a large set of phenotypic and genomic characters in a polyphasic approach. It is necessary to show that the studied group of strains form an independent and diagnosable unit within the established classi¢cation scheme. The species circumscription approach is a tedious task often underestimated in its importance.
The most accepted parameter for a numerical and quasi-absolute boundary for the species circumscription is overall DNA similarity. Values expressed as percentage of similarity or in degrees of vT m (see Section 3) are considered to be, to some extent, crude measures of genomic distances among microorganisms. These values are an indirect re£ection of the genomic sequence similarity at the level of the primary structure [23] , so that DNA reassociation approaches represent the best applicable procedure for the inference of genotypic relationships among closely related prokaryotes [4] . Based on numerous studies in which a high degree of correlation was found between DNA similarity, and chemotaxonomic, genomic, serological and numerical similarity, DNA reassociation has been used as standard for species delineation [12] . Empirically, it has been observed that most of the well de¢ned prokaryotic species harbor strains with genomic similarities above 70% when optimal stringence hybridization conditions are applied [115] . This observation led the Committee on Reconciliation of Approaches to Bacterial Systematics to recommend that the boundaries for species circumscription are described in terms of DNA^DNA binding. The Committee wrote that a`species generally would include strains with approximately 70% or greater DNA^DNA relatedness and with 5³C or less vT m ' [4] . It is important to note that the values recommended by the Committee are not absolute numbers in de¢ning the genomic boundary of a single prokaryotic species. In some cases, these values seem to be too narrow to harbor all the strains of a single species [72,116^118] , in which case a more relaxed delimitation for the unit is recommended [40, 41, 119] . Additionally, the second most used genomic parameter in prokaryotic taxonomy, the G+C content, also gives some numerical boundaries for the unit. Empirically, it has been observed that a single species does not usually contain strains whose G+C mol% di¡ers more than 5%, but of course lower percentages do not guarantee that these genomes would share high DNA^DNA similarity percentages. Both parameters are necessary for an adequate species classi¢cation.
The 16S rRNA sequence data
The application of molecular techniques to bacterial systematics introduced a new parameter that has an enormous in£uence on prokaryotic classi¢cation, 16S rRNA sequence analysis. It enabled remarkable breakthroughs in the determination of relationships between distantly related bacteria [23] . Molecular sequencing is dominated by the possibility of drawing genealogical trees that represent lines of descent [21, 120] . Markers with di¡erent functional pressures report on di¡erent periods of evolutionary time. A fast evolving gene can only report on recent develop-ments whereas a conserved molecule fails in this respect but does well on ancient events [49] . In these trees, organisms represent terminal points in a genealogical tree, and it is important to note that due to the absence of a useful fossil record, no time-scaled patterns of ancestry can be drawn.
Phylogenetic reconstructions have opened the door for a more objective classi¢cation system among prokaryotes, specially for taxa above species. It allowed for example the recognition of the phyletic nature of the classi¢ed taxa. A group of taxa can be monophyletic if they are derived from a single common ancestor ; polyphyletic if they are derived from more than one common ancestor; and paraphyletic if the taxa are derived from a common ancestor but the group does not include all descendent taxa of the same common ancestor (Fig. 5) . Of course, one of the goals of any taxonomy is to create a classi¢ca-tion scheme that re£ects the genealogy of the organisms, thus circumscribing all taxa in monophyletic groups. Phylogenetic reconstruction based on rRNA sequence analyses allowed the recognition of badly circumscribed taxa and their further reclassi¢cation. Two of the many examples of polyphyletic groups are: the family Pseudomonadaceae [121] that harbored taxa that have been reclassi¢ed into di¡erent genera or families [122] , and the species Zoogloea ramigera that harbored strains belonging to quite di¡erent genera [123] . Examples of paraphyletic taxa are also common in the literature. Examples are genera like Caulobacter or Brevundimonas that harbored species with an incorrect genus designation [124] . Many more examples of polyphyletic and paraphyletic groups can be found in the reconstructed phylogenetic trees at web pages of Bergey's Manual of Systematic Bacteriology [125] , or the Microbiology Department of the Munich Technical University [126] .
The analysis of 16S rRNA sequences produces numerical values of 16S rRNA similarities that can be used as circumscription limits for taxa. This has been especially useful for classes above the species level where, for example, a genus could be de¢ned by species with 95% sequence similarity [49] . It has been observed that organisms with genomic similarities above 70% usually share more than 97% 16S rRNA sequence similarity [12, 127] . This value could be used as an absolute boundary for the species circumscription. However, 16S rRNA lacks resolving power at the species level. Thus, there are examples (Fig.  6 ) of di¡erent species with identical [128] or nearly identical 16S rRNA sequences [35, 36] , a micro heterogeneity of the 16S rRNA genes within a single species [129, 130] or, in exceptional cases, single organisms with two or more 16S rRNA genes with relatively high sequence divergence [131, 132] . Due to the highly conserved nature of the 16S rRNA, there is no linear correlation between DNA^DNA similarity percent and 16S rRNA similarity for closely related organisms [12, 53] and the bacterial species de¢ni-tion can never be solely based on sequence similarity of rRNAs. However, comparative analysis of 16S rRNA is a very good method for a ¢rst phylogenetic a¤liation of both potentially novel and poorly classi¢ed organisms [41] . Due to the practical advantage of the 16S rRNA approach for identi¢cation purposes [51] , it is recommended to include the ribosomal sequence in new descriptions of prokaryotic species. In the near future, it may become a necessary parameter, together with DNAD NA similarity and G+C content, for any classi¢cation.
Infraspeci¢c subdivisions
Subspecies is the lowest taxonomic rank that has o¤cial standing in nomenclature [104] . A species may be divided into two or more subspecies based on minor but consistent phenotypic variations within the species or on genetically determined clusters of strains within the species [22] . However, many bacterial species are endowed with a relative internal heterogeneity that does not show consistency for a subspeci¢c subdivision. Strains of a single species can sometimes be grouped in terms of some independent special characteristics. These groups or infrasubspeci¢c subdivisions are not arranged in any order of rank, and may overlap one another [104] . For example, members of any species can be grouped in terms of biochemical or physiological properties (biovar or biotype), of pathogenic reactions (pathovar or pathotype), of reactions to bacteriophages (phagovar or phagotype), antigenic characteristics (serovar or serotype), and so on.
DNA reassociation experiments, however, produce intraspeci¢c subdivisions that are often seen as potential species, but their independent classi¢cation is hampered by the lack of diagnostic phenotypic property [4] . There is, in the literature, a terminological confusion about the Fig. 5 . Description of the terms mono-, para-and polyphyletic. The ovals indicate the circumscribed taxa.
phenotypically similar but genotypically distinct groups, which have been referred to as genomic species [114] , genospecies [4] , DNA groups [130] , genomospecies [116, 117] , genomic groups [133] or genomovars [118, 119] . There is an open discussion about the adequacy of these terms used to designate these subdivisions [40] . Actually, each of the di¡erent intraspeci¢c units de¢ned by DNA similarity values cannot be considered a single species per se. The polythetic nature of the currently accepted species concept does not allow the recognition of a species based on a single characteristic. This means that although the DNA reassociation values give a numerical boundary for the species circumscription, this unit cannot be recognized unless there is an overall agreement on the distinct characters analyzed in a polyphasic study. Thus, the su¤x`-species' is inadequate for this term as far as DNA similarity groups per se lack a speci¢c standing. Similarly, the term`group' is informal and has no nomenclatural standing, and among the su¤xes,`-var' is recommended [104] . The term genomovar has been suggested to accommodate different DNA similarity groups within a nomenspecies [118, 119] . This term has been positively accepted by some taxonomists [41, 72] because it indicates that a genomic species is an integral part of a nomenspecies. It is suggested that genomovars encompassed in species should be numbered, and not named [118] . Ultimately, genomovars could be given a formal name when a determinative phenotype is described. Fig. 6 . Correlation among DNA^DNA similarity data and 16S rRNA-based phylogenetic reconstructions. Cases like Natronobacterium species and Thermococcus species can be regarded as optimal correlation of both genomic data. Exceptions to this rule can easily be found: highly similar 16S rRNA gene sequence and very low genomic similarity (Amycolatopsis methanolica and Amycolatopsis thermo£ava). Nearly identical 16S rRNA but phenotypically and genomically di¡erent species (Staphylococcus piscifermentans, Staphylococcus carnosus and Staphylococcus condimenti). Genomically heterogeneous but phenotypically indistinguishable like P. stutzeri or Rahnella aquatilis. And a single strain harboring di¡erent rRNA operons with 6% of sequence di¡erences as reported for Haloarcula marismortui.
It has been empirically observed that the circumscription of the prokaryotic species should be more relaxed in absolute values of genomic similarity [40, 119] . The level of 70% binding and 5³C vT m is very strict, and often phenotypic consistency would not exist if these recommendations were strictly applied. More relaxed boundaries for the species delineation would be a group of strains sharing 50^70% DNA reassociation and 5^7³C di¡erence in thermal stability between the homoduplex and heteroduplex [119] , which may be a more realistic standard [40] . Allowing internal genomic heterogeneity (represented by genomovars) and more relaxed genomic boundaries, the circumscription of the prokaryotic species will have an even more conservative nature, but it may be a more pragmatic de¢nition for facilitating diagnosis.
Prokaryotic sex
Attempts to circumscribe the prokaryotic species in terms of genetic exchange, in what could be analogous to the`BSC' ( [86, 134, 135] ), have been made [136, 137] . However, this prokaryotic species concept has no direct theoretical analogy to the BSC developed for eukaryotes. It has been adapted to the particular way in which prokaryotes share gene pools. Prokaryotes do not have the same reproductive mechanisms as eukaryotes, i.e. meiosis, fertilization. They are haploid and reproduce asexually by binary ¢ssion in which the genetic material is passed vertically from mother to daughter cell. Thus the evolutionary pattern would only be linked to genome organization rearrangements and mutation rate. The latter is considered to be one of the major sources of genetic diversity [2] . However, prokaryotes have several common horizontal gene transfer systems, i.e. conjugation, transformation and transduction [138] . Originally, it was assumed that these horizontal gene transfer systems were restricted to closely related organisms, and that the homologous recombination would follow the same patterns observed for eukaryotes [137] . However, genetic exchange in prokaryotes is less frequent but more promiscuous than that in eukaryotes [37] . In eukaryotes with sexual reproduction, populations that are separated by only 2% sequence divergence are frequently unable to exchange genes. Prokaryotic genomes, in contrast, may undergo homologous recombination with related species that are up to 25% (and possibly more) divergent in the sequences of homologous genes; they can also accept and express new genes on plasmids from extremely divergent sources [139] . Prokaryote taxonomy has consequently, to date, not bene¢ted greatly from studies involving genetic exchange of chromosomal material, and the BSC is far from being realized [140] . Indeed, there is no sense in applying the BSC for prokaryotes because it fails in one of the basic statements, the interbreeding discrimination.
Independent of the best species concept for microbiology, taxonomists are aware that horizontal gene transfer may have important consequences for bacterial systematics [140] . It may play a role in one of the most questioned aspects within prokaryotic systematics, namely current phylogenetic reconstructions. Genealogical relationships are basically inferred by the analysis of a single gene encoding 16S rRNA. Although 16S rRNA trees are consistent with trees generated from other molecules [49] , it remains unclear whether microbiologists are dealing with a true organismal tree or merely a gene tree [141] . The skepticism about the value of 16S rRNA as a biological chronometer originates from the release of the ¢rst prokaryotic whole genome sequences. It seems that horizontal gene transfer might have played a more important role in evolution than originally assumed, and some incongruities are found with the current phylogenetic scheme [39, 142] . A better understanding of the extent of gene exchange among prokaryotes will have to await the analysis of further whole genome sequences.
Fortunately, the prokaryotic species concept as it is currently conceived needs not be troubled by the problem of gene exchange. It is true that the acquisition of genomic material through horizontal gene transfer, and/or the presence of extrachromosomal elements can lead to misclassi¢cations or misidenti¢cations of prokaryotes because of their in£uence on the phenotype [140] . However, such characters, particularly those coded on extrachromosomal elements, should be excluded from taxonomic studies once they are known to exist. In spite of these problems, which may be minimized by computer-assisted extensive phenotypic analyses [140] , the species concept for prokaryotes is appropriate because it is based on whole genome similarities [12] . As explained in Section 3, DNA reassociation values are an indirect expression of the real genome sequence identity. One can estimate that for example 96% sequence identity between two genomes compares to 70% DNA similarity [12] , or 4³C of vT m [143] . Genome sequence variation within the range of values recommended for the description of a single species can account for signi¢cant di¡erences in phenotype. However, despite genomic rearrangement caused by horizontal transfer and the presence of extrachromosomal elements, the primary structure of the majority of genes is most likely not involved [12] . Changing the physical map will not markedly in£uence the extent to which DNA hybridizes, and even if the genetic changes a¡ect one of the characters used in the phenotypic characterization of the species, the DNA similarity values will most likely not change to a measurable extent. The current microbiological species de¢nition consequently is relatively insensitive to genetic rearrangement, gene ampli¢cation, mutation and exchange of genetic material over a non-predictable range of taxa [12] .
Pure cultures and the culture collections
The prerequisite of the current prokaryotic species concept is the isolation of the microorganisms in pure cul-tures. Biochemical tests, genome analyses or chemical component analysis cannot be performed unless the organism under study is analyzed separately [83] . The isolation and maintenance of organisms in pure cultures requires time and skill and remains one of the prime challenges for microbiologists. However, the classi¢cation of a prokaryotic species cannot rely on a single strain or isolate, but rather on as many strains as possible in order to evidence the real intraspeci¢c diversity. It has been calculated that 25 strains are necessary for an accurate description of a species, and that the lowest tolerable limit is 10 strains [80] . This number is, unfortunately, seldom achieved in taxonomic publications. In the two most renown journals for prokaryotic taxonomy, i.e. the`International Journal of Systematic Bacteriology' (IJSB) and`Systematic and Applied Microbiology', most of the newly classi¢ed species are based on a single isolate (see Table 3 in Section 2), thus providing a relatively poor description that can lead to wrong classi¢cations, or the inability to assign new isolates to this species.
After the classi¢cation of a new species, it is important to identify one of the isolates as the type strain, that is the reference strain for other scientists to be used for comparisons. This is named`type strain and consist of living cultures of an organism which are descended from a strain designated as the nomenclatural type. The strain should have been maintained in pure culture and should agree closely in its characters with those in the original description' [104] . It is also recommended to select reference strains for each infraspeci¢c subdivision particularly for genomovars which might be reclassi¢ed as di¡erent species later on.
Another important aspect of the pure culture technique is that isolated strains need to be preserved and made available to the scienti¢c community for information and comparison. Most microbiologists tend to establish their own culture collections. However, reference collections of bacteria (culture collections) have been set up for the maintenance of large numbers of strains of microorganisms, as well as to make available reference strains, particularly type strains, that are needed for comparative work [80, 144] . It is therefore important to deposit the type strain of a species (or the reference strains of a genomovar; [118] ) in one of the public all accessible reference culture collections [144] .
It is currently impossible to retrieve su¤cient information for taxonomic studies on uncultured organisms from environmental samples. However, the use of the rRNA approach in exploring uncultured prokaryotes in natural samples has given valuable insights into prokaryotic diversity [52, 145] . Unfortunately, as stated above, the rRNA approach lacks resolution at the species level. Also it is very di¤cult to infer physiological characteristics of an organism based only on its rRNA sequence. Phylogenetically related prokaryotes can have diverse physiologies and physiologically similar organisms can occur in di¡er-ent phylogenetic lineages [146] . A novel rRNA sequence isolated from nature therefore merely indicates that there is a currently unknown microorganism in the environment. Knowing the phylogenetic a¤liation of new microorganisms might, however, help in their cultivation, since growth conditions can be based on those for the closest cultivable relative [147] . Additionally, the rRNA approach allows the design of rRNA-targeted probes for unique sequence motifs of the unknown microorganism. These probes can subsequently be used for the in situ identi¢ca-tion of the organism from which the sequence was retrieved [54, 148] . This approach permits, among many other applications, the monitoring of the isolation of new organisms [149] , as well as the determination of the morphology, abundance, distribution in certain habitats, and even indications on growth rates and physiological activities of uncultured organisms [150, 151] . These new methods allow the retrieval of some information on uncultured organisms and permit the recognition of their uniqueness within the hitherto established classi¢cation scheme. In this regard, the International Committee on Systematic Bacteriology implemented the category of Candidatus to record the properties of putative taxa of prokaryotes. This category is used for`describing prokaryotic entities for which more than a mere sequence is available but for which characteristics required for description according to the International Code of Nomenclature of Bacteria are lacking' [152] . Such descriptions should include not only phylogenetic information, but also information on morphological and ecophysiological features as far as they can be retrieved in situ, together with the natural environment of the organism. It is important to note that Candidatus is not a rank but a provisional status, and e¡orts to isolate and characterize the members of the putative taxa should be made to enable their de¢nite classi¢cation.
The species concept to be used for prokaryotes
Recently, the current`polyphasic' species concept has been heavily criticized [2,13^15] . Besides the claim that the current concept is too conservative, it was argued that it lacks congruency with the concept delineated for higher organisms. Indeed, it is very di¤cult to compare species concepts for prokaryotes and eukaryotes, and as May stated [3] , the basic notions about what constitutes a species would be necessarily di¡erent for vertebrates than for bacteria. Comparisons among the di¡erent species units of living organisms can only be made after a universal species concept has been devised that applies to all organisms. This is, however, not easy. Eukaryote taxonomists are currently in disagreement about the adequate concept to be used among the s 20 concepts currently being discussed [16,87^89,102,153^156] . There is, however, a general tendency that Mayr's BSC should be abandoned because of its lack of practicability. Among the species concepts, there seem to be two candidates which are uni-versally applicable and thus could serve for the classi¢ca-tion of all living organisms [87, 88] : the PhSC (polythetic) and the ESC.
1. The PhSC. The phenetic or polythetic [85] species concept (PhSC) is a similarity concept based on statistically covarying characteristics which are not necessarily universal among the members of the taxa [88] . This is the concept that has empirically been adopted to circumscribe the prokaryotic species, which to date appears to be rather stable as well as operational. This concept has no theoretical commitment as it is considered theoryneutral or theory-free [88] . A theoretical foundation has traditionally been seen as a valuable characteristic of a species concept [87, 88] . However, the signi¢cance of theory in a species concept is a controversial issue between philosophers and scientists. It has been argued that the more theoretically signi¢cant a concept is, the more di¤cult it is to apply [88] . Scientists, in general, see no real need to include the criteria of applicability in their theory-based concepts. On the other hand, pragmatism in their concepts is seen as a valuable virtue. As analyzed by Hull [88] , the PhSC covers most of the primary requirements for being a concept, i.e. universality, monism and applicability, which are considered to be the most valuable characteristics for scientists. It is, to date, the most similar concept to the one applied to prokaryotic species, it has also been recommended for higher organisms [89] , and although it is considered to be theory-free, this is one of the most persuasive concepts as yet conceived [88] . 2. The ESC. The evolutionary species concept (ESC) has been considered the most theoretically committed of the species concepts [87, 88] . It is regarded as the only one that can serve as a primary concept because it can accommodate all types of species known [87] . Evolutionary species is a lineage concept which is explicitly temporal, treating these units as lineages extended in time (space^time worms; [88] ). This concept, however, has no pragmatic signi¢cance for the prokaryotes when we analyze the current state of knowledge about this group of organisms. Among the prokaryotes, we cannot recognize an evolutionary fate nor historical tendencies because of the lack of a useful fossil record. Morphological features, in general, have little information content in prokaryotes, and therefore, the rare prokaryotic fossils found so far do not provide su¤-cient information on genomic and phenotypic characteristics of the ancestors of present prokaryotic species. The same is true for a prospective on prokaryote evolution. Currently, the knowledge of evolutionary tempo and mode of evolutionary changes in prokaryotes is rather incomplete. Di¡erent groups have been demonstrated to evolve non-isochronically [12] . The predictions become even more di¤cult if we take into account the possibilities of horizontal gene transfers between distant groups. Thus to date, the adoption of an ESC for prokaryotes is not yet possible.
There is a third type of concept, that although not considered to be the most universally applicable [87, 88] , has been recommended to be used for animals [94] : 3. The PSC. There are two di¡erent versions of the polygenetic species concept (PSC): the monophyletic (or autapomorphic) species concept and the diagnostic species concept [88] . Both of them are de¢ned as phylogenetic (or genealogical) concepts with a minimal timedimension. In spite of the lack of useful fossil record for prokaryotes, modern molecular techniques permitted the establishment of genealogical trees among the prokaryotes through 16S rRNA gene sequence analysis [49] . As discussed above, this phylogenetic reconstruction is based on a single gene analysis, and its ability to represent the organismal phylogeny is questioned today. However, based on the congruency of the reconstructed trees with similar slowly evolving molecules [49] , and the coherency of the phenetically designed taxa with the phylogenetic reconstructions [157] , it is most likely that at least the local branches represent stable genealogical relationships. The monophyletic species concept considers that`a species is the least inclusive monophyletic group de¢nable by at least one autapomorphy 4 ' [88] . Disregarding the low resolution of 16S rRNA analyses, we can recognize each of the species as a monophyletic group. The problem is, however, the recognition of which characters are truly autapomorphies. The only possibility of recognizing an autapomorphy among members of a taxon is the availability of a gene sequence that is exclusive to all members of a species. The sequences should show to be homologous, unique for the taxon, and excluded from horizontal gene transfer. This is a nearly impossible task and thus this concept is not operational for the prokaryotes.
The diagnostic species concept considers that`a species is the smallest diagnosable cluster of individual organisms within which there is a parental pattern of ancestry and descent' [88] . We can recognize a pattern of ancestry among the prokaryote species in our phylogenetic tree, as well as the diagnosable units are circumscribed after the polyphasic approach. This concept would indeed serve as a primary concept for prokaryotes. However, there is some danger in attempting to recognize the smallest diagnosable clusters of prokaryotes. On one hand, one could argue that each genomically coherent unit (genomovar within a given species) would be such a diagnosable cluster. This could lead, following a`splitter' tendency [23] , to a subdivision of microorganisms into smaller, more nu-merous species than systematists are used to recognizing [88] . On the other hand, microbiologists tend to recognize units by the independent use of di¡erent approaches (i.e. serology, physiology, pathogenesis, phage-speci¢city, whole genome similarityT), and it would be possible to argue that each of the single approaches would lead to a diagnosis. Thus, the strict application of this concept to prokaryotes could lead to the simpli¢cation of the unit circumscription, which contrasts empirical observations that a prokaryotic species cannot be regarded as a smallest diagnosable unit [40, 119] .
The phylo-phenetic species concept
As argued, it is di¤cult to ¢nd a concept that accommodates what microbial taxonomists understand to be a species. This unit has been modeled since the origins of microbiology, and through the years of development and modernization of this science. Most of the prokaryote taxonomists would agree that the current circumscription of the species harbors most of the requirements of this taxonomic unit. It is universally applicable among prokaryotes. It is operational, when a group is taxonomically well characterized, and it can then be recognized by the independent use of currently available identi¢cation tools. Furthermore, its application has been shown to give, in most of the cases, a rather stable, objective and predictable classi¢cation system.
The current species concept is circumscribed by the use of three di¡erent approaches. The ¢rst approach is the demarcation of genomic boundaries of the unit after whole genome hybridization, and additionally the analysis of the G+C content, genome size, etc. This corresponds to Mallet's genotypic cluster de¢nition of a species [155] . There are no absolute numerical borders that are universally applicable among prokaryotes. These have to be delimited in agreement with the other two characterization approaches. However, one can assume that genomes sharing less than 70^50% of DNA^DNA similarity (or more than 5^7³C of vT m ) belong to strains of di¡erent species [12] . Although DNA^DNA similarity results cannot be regarded as a result of cladistic analysis, they re£ect a very tight genealogical relationship among strains that share high similarity values. Indeed, as discussed in Section 3.1.2 (DNAD NA similarity) and Section 5.5 (Prokaryotic sex), it is expected to ¢nd values above 90% identity among genomic sequences of strains sharing higher values than 50% DNA^DNA similarity. Such observations guarantee a monophyletic nature of related strains sharing high DNA^DNA similarity values.
The second approach, which is of the same importance as the demarcation of the genomic borders, is the description of the phenotype of the taxon. This description should be exhaustive [1] , because it serves in ¢nding a determinative and discriminative`phenotypic property' for classi¢cation [4] , and also in describing the internal diversity of a group. This last point, commonly forgotten by many researchers, is of extreme importance. When studying the phenotype of a taxon, we cannot recognize whether we are dealing with the analysis of homologous characters, or with homoplasies (false homologies, evolutionary convergences). To minimize the importance of homoplasic characters in classi¢cation, it is important to determine as many characters as possible, and to analyze the characters by treating each of them equally [63] . Phenetics does not only apply to the analysis of biochemical or physiological properties, but also to the analysis of chemotaxonomical markers, such as fatty acid pro¢les. Additionally, both typing methods, the DNA-based (e.g. PFGE, RAPD) and phenotypic methods (e.g. whole cell protein gel electrophoresis, multilocus enzyme electrophoresis), can be phenetically analyzed. Indeed, when the number of characters used in a phenetic analysis is su¤ciently high, the clustering produced tends to reproduce the genomic grouping [71, 158] .
The third approach is the recognition of the monophyletic nature of members of a taxon, and their position within a reconstructed genealogy. The inclusion of individuals in a genomic cluster after DNA^DNA hybridization is a rough estimation of their monophyletic origin [4] . The analysis of the 16S rRNA sequence, although not su¤cient for establishing numerical borders of the prokaryotic species, can indicate the ancestry pattern of the taxon studied, as well as con¢rm the monophyletic nature of the members of a group. The comparative analysis of 16S rRNA sequences is overdue to become a common additional information in the classi¢cation of prokaryotes, and is in fact already part of the vast majority of new species descriptions.
The currently practiced species concept in microbiology corresponds partially to several concepts designed for eukaryotes. It is phenetic in that the basis for the understanding of the taxon's coherency and internal diversity is based upon the numerical analysis of independently covarying characters, which are not necessarily universally present in the taxon. It is phylogenetic in that the members of these units have to show a common pattern of ancestry, i.e. they must be monophyletic. Finally, it is based on a genotypic (genomic) cluster de¢nition [155] , on the way that genome comparisons, although indirect, give objective numerical frontiers to the unit circumscription, and as discussed above guarantees the close genealogical relationship of the strains included in a cluster. We suggest that it is referred to as the phylo-phenetic species concept, indicating the combination of a phenetic evaluation of the unit with requirements for monophylism of its components. A phylo-phenetic species is`a monophyletic and genomically coherent cluster of individual organisms that show a high degree of overall similarity with respect to many independent characteristics, and is diagnosable by a discriminative phenotypic property'.
This de¢nition includes the following requisites : (1) a species should be a monophyletic group of organisms, with a high degree of genomic similarity. (2) The absolute genomic boundaries for the circumscription of each independent species should be particularly de¢ned after the analysis of their phenotype. (3) The internal homogeneity or heterogeneity of the group can only be understood after the phenetic analysis of as many characters as possible. (4) A prokaryotic species should not be classi¢ed unless it can be recognized by several independent identi¢cation approaches, and given a phenotypic set of determinative properties.
Guidelines to the recognition of a prokaryotic species
Microbiologists have achieved a rather stable classi¢ca-tion system using the current circumscription of prokaryotic species. However, it is important to make correct use of the de¢nition in order to avoid confusions and misclassi¢cations. We would like to formulate recommendations for classifying a new prokaryotic species.
1. Try to isolate or collect an adequate number of strains of the taxon to be studied, and use all of them for comparisons. Avoid, although sometimes impossible, the description of a species based on a single strain. This could hamper the identi¢cation of new isolates. 2. Try to recognize the closest related taxa through 16S rRNA analysis and phenotypic characteristics. Include, at least, the type strains of these related taxa in the taxonomic analyses. 3. Do not use values of 70% DNA similarity (or 5³C vT m )
as absolute limits for circumscribing the species. The current concept allows more relaxed DNA^DNA similarity frontiers, and an internal genomic heterogeneity is permitted. A single species can consist of several genomic groups (genomovars) which do not necessarily have to be classi¢ed as di¡erent species. This will be possible when a phenotypic property that identi¢es each of them is found.
4. Make an e¡ort to characterize the phenotype of the organisms. Although commercially available tests are useful (API, Biolog), the information retrieved might be insu¤cient. The phenotype is not only described by metabolism, there are for example chemotaxonomic markers (fatty acids, polyamines, quinonesT) that produce important information on organisms. The more exhaustively the phenotype is described, the better the circumscription. 5. Do not be sparse in time, nor in e¡ort, when taxonomically analyzing your strains. The classi¢cation of a species is not an easy task, and should not be underestimated. 6. Follow the nomenclature rules [104, 111] . This is the best discussed and established side of prokaryotic taxonomy. Avoid using words that are hard to pronounce if you do not want to annoy your colleagues.
Of course, these are recommendations and may sometimes be di¤cult to follow. It is still necessary to obtain pure cultures of microorganisms to recognize them as a new species. We cannot retrieve enough information from uncultured organisms to achieve a correct and stable classi¢cation.
Future species circumscriptions
The adequacy of characterization of a bacterium is a re£exion of time; it should be as full as modern techniques make possible. Unfortunately, one now regarded as adequate is likely, in 10 years time, to be hopelessly inadequate !' Cowan, 1965 [1] . This statement also describes the evolutionary fate of the taxonomy of prokaryotes and also applies to our current activities. This is mainly because the development and improvement of the taxonomic classi¢-cation for prokaryotes is linked to the development of modern molecular techniques. During the last years, the number of new isolates as well as the amount of informa- tion useful for systematics has increased signi¢cantly (Fig.  7) . Also, the availability of information has been improved by the generation of diverse databases (16S rRNA, fatty acids, metabolic markersT) as well as software packages to handle them [40, 159] . Among the di¡erent sources of information that are currently emerging, there is one for which it is di¤cult to predict how signi¢cant it will be for prokaryotic taxonomy: the complete genome sequence. Just as rRNA-based reconstructions of prokaryotic phylogeny have dramatically changed the classi¢cation system, genomics is likely to give insights into the naturalness or arti¢cialness of the current classi¢cation system for prokaryotes. Dozens of prokaryote genomes have currently been sequenced or will be sequenced in the near future (www.tigr.org). Microbiology will soon be able to access an enormous £ood of sequences. Preliminary results show a conserved genome organization and sequence identity within a single species [160] . Strain-speci¢c genes, which are assumed to have been acquired by lateral gene transfer, are mostly clustered in single hypervariable regions in what can be considered hot spots of recombination [161] .
So far, little attention has been paid to the genome organization as an additional parameter for species circumscription. A simpli¢ed, and less expensive and timeconsuming source of information on genome organization as compared to whole genome sequencing is the physical mapping of prokaryotic genomes [55] . From experiments based mainly on PFGE of large genome fragments and Southern hybridization, one can retrieve information on genome size, plasmids, number of chromosomes and their topology, number and distribution of house-keeping genes such as rrn operons, genome rearrangementsT. In a nearly forgotten publication, Krawiec [162] proposed the use of the organization of chromosomal loci as an identifying characteristic of bacterial species. He argued that the chromosomal organization like the presence/absence of genes is an important selective feature and fundamental character of an evolving population, that the structural organization of the genome demarcates functional units of the genome, and that the organization of a genome is directly linked to the niche that this organism has adapted to. He proposed that the order of loci establishes the identity of a species as well as preserves the identity by creating a barrier to the exchange of genes. There are currently too few prokaryotes whose genome has been analyzed to evaluate those assumptions. However, these analyses give valuable information for a polyphasic approach such as genome size, and number and distribution of rrn operons. Indeed, both parameters appear to be fairly conservative within a single species, as described in P. stutzeri [59] and Helicobacter pylori [160] . On the other hand, some incongruences have been observed in members of the species Vibrio cholerae [163] .
Taxonomists should have a close look at prokaryote genomes determined for medical or biotechnological reasons. This might prepare us for a time when whole genome sequencing might be a part of the species circumscription. This would also allow a circumscription of uncultured bacteria based on large chromosomal fragments or even full genomes directly retrieved from the environment [164] . It is, indeed, too early to evaluate the impact of genomics on prokaryotic taxonomy and particularly on the species concept. In 10 years time, we shall look back to the bacterial classi¢cation and the polythetic species concept of the late 90s with Cowan's prophecy in mind.
Binary system: a system of naming in which binomial nomenclature is used for species. Binomial system: a system of biological nomenclature in which a species is named by two words. The system is usually attributed to Linnaeus (thought it has been used earlier by others), a Swedish naturalist who developed classi¢cations of plants and animals, to the di¡er-ent species which he gave two names, one generic and the other speci¢c; together formed the binomial. Biospecies: biological species concept in which a species consists of interbreeding forms that are reproductively isolated from all other forms. Biotaxonomy : classi¢cation of living things. Characterization : the determination and listing of the characters of an organism to form a description. Circumscription : statement de¢ning the limits of a taxon, and showing by implication how it di¡ers from similar taxa.
Cladistics#refers to a branch (Greek : Klados; branch) of an evolutionary lineage. Indicates the degree of relatedness, as shown by the pathways or phyletic lines by which taxa are linked. Method of classi¢cation of living organisms that makes use of lines of descent only to deduce evolutionary relationships, and which groups organisms strictly on the relative recency of common ancestry. Cladistic methods of classi¢cation only permit taxa in which all the members share a common ancestor. Classi¢cation: is often confused with identi¢cation. Classi¢cation may be de¢ned as the orderly arrangement of individuals into units composed of`likes', each unit being homogeneous but di¡erent from every other unit. Classi¢cation is used both for the act and the result of the act. Classify: the act of arranging objects into groups of similar objects; these groups can then be taken as units to which other objects may be referred. Sometimes loosely (and wrongly) used to mean identify. Dendrogram: any branching tree-like diagram illustrating the relationship between organisms or objects. Description: a list of characters of an organism or group by which subsequent workers will be able to recognize similar organisms or groups. Genome: the genetic complement of a living organism or a single cell, more specially the total haploid genetic complement of a diploid organism or the total number of genes carried by a prokaryotic microorganism or a virus. Genotype: genetic constitution of an organism, which acting together with environmental factors determines phenotype. Holotype: the specimen (strain, isolate) designated by the original author of a name. Homology: having a common origin. Homologous features are those that can be traced back to a feature in a common ancestor.
Homonym : the same name given to two or more di¡erent organisms ; the adjective senior may be attached to the ¢rst published name, and junior to the same name (attached to a di¡erent organism) published later. Homoplasy, homoplasty: resemblance in form or structure between di¡erent characters or organisms due to evolution along similar lines rather than a common descent; convergent evolution. Identi¢cation: the act and result of a comparison in which an unknown is shown to be similar to (identical with) a known. Because organisms are never identical, some prefer the terms determine or determination. LFRFA : low-frequency restriction fragment analysis. Monism : philosophical theory that expresses that the plurality of the world can be explained in a single principle. In taxonomy, a monistic view is to think that a single level of organization exists across all organisms that deserves to be recognized as the species level. Monophyletic: derived from a common ancestor. Taxa derived from and including a single founder species. Monothetic: a classi¢cation that determines group membership according to the states of just one or few characters, but it may use di¡erent characters at di¡erent stages of the process. Nomenclature : the scheme by which names are attached to organisms. Nomimifer: nomenclatural type to which a name is permanently attached. Ontogenesis, ontogenetic: the history of development and growth of an individual. Orthologous: genes in di¡erent species that are homologous because they are derived from a common ancestral gene. OTU (operational taxonomic unit): a convenient unit for the purpose in hand; it may be an individual, a population, a species or even a genus. Overall similarity: de¢ned by Sneath as the`proportion of agreements between two organisms over the characters being studied'. Paralogous: two genes that are similar because they derive from a gene duplication, e.g. K-and L-globin. Paraphyletic: groups which have evolved from and include a single ancestral species (known or hypothetical) but which do not contain all the descendants of that ancestor. PCR: polymerase chain reaction, a molecular biological technique that allows the enzymatic ampli¢cation of a de¢ned region of DNA. PFGE : pulsed ¢eld gel electrophoresis. Phenetic: Adj. Applied to a classi¢cation based on overall similarity, as determined by equal weighting of all known characters. Since all observable characters are used, a phenetic classi¢cation will make use of molecular genetic data if these are available. In contrast to phyletic and phylogenetic, the term phenetic does not have any evolutionary implications, other that in the sense of showing the end product of evolution. Phenetic classi¢cations may include phenotypic and genotypic characters. Phenogram: dendrogram intended to show the phenetic relations of the organisms. A tree-like diagram showing the conclusions of numerical taxonomy. Phenome: all the phenotypic characteristics of an organism determined by its genome. Phenon: taxonomic group in which the degree of similarity is established by numerical methods. Group of organisms placed together by numerical taxonomy. Phenotype: the visible or otherwise measurable physical and biochemical characteristics of an organism, a result of the interaction of genotype and environment. Phylogenetic tree: a diagram setting out the genealogy of a species or other taxon. Phylogenetics: approach to classi¢cation that attempts to reconstruct evolutionary genealogies and the historical course of speciation. Phylogeny: the evolutionary history and line of descent of a species or higher taxonomic group. The expression of evolutionary relationships between organisms. Used as synonym of genealogy. Plesiomorphic : the original pre-existing member of a pair of homologous characters. In phylogenetic reconstructions based on molecular data plesiomorphic sites are those false identities, identical residues at a particular alignment position which are treated a priori as evolutionarily identical independently if they have resulted from multiple base changes during the course of evolution. Polyphasic taxonomy: term used to signify successive or simultaneous taxonomic studies of a group of organisms using an array of techniques designed to yield both molecular and phenotypic data.
